Loss of the chromosomal region 8p21 negatively effects survival in patients with multiple myeloma (MM) that undergo autologous stem cell transplantation (ASCT). In this study, we aimed to identify the immunological and molecular consequences of del(8)(p21) with regards to treatment response and bortezomib resistance.
Introduction
Multiple Myeloma (MM) is a malignant neoplasm that accounts for about 20% of deaths caused by hematological malignancies and is characterized by clonal proliferation of plasma cells in the bone marrow (BM). The current gold standard for the treatment of patients under 65 years of age is high-dose chemotherapy (HDT) followed by autologous stem cell transplantation (ASCT) [1] . In the last decade, the addition of novel agents such as the proteasome inhibitor bortezomib (Velcade 1 ) to the regimen has resulted in a substantial increase in the number of patients responding to therapy [2] . Following these results, bortezomib is included in almost all the treatment regimens in the 1 st line treatment of MM patients and is currently considered to be the backbone in modern treatment of MM patients. Yet, approximately 20% of patients do not respond to bortezomib [3] . Defining a mechanism of drug resistance in these patients may have a direct implication on the choice of treatment modality. While bortezomib exerts its major activity by inhibiting the chymotrypsin-like proteolytic activity of the 26S proteasome and promoting the accumulation of inefficiently degraded proteins leading to apoptosis, several studies have also shown that it is a key player in sensitization of MM cells to apoptosis induced by TRAIL/APO2L via upregulation of TRAIL receptors 1 and 2 [4] .
We have recently discovered that loss of the chromosomal region 8p21 is an independent prognostic factor associated with poor survival in MM patients receiving standard ASCT [5, 6] . These findings have been confirmed by other groups who have reported similar results [7, 8] . The tumor necrosis factor-related apoptosis inducing ligand (TRAIL) receptor gene cluster as well as several other genes such as PTK2B [9] and SCARA3 [10] that might have a role in multiple myeloma progression and treatment resistance, lie in the p arm of chromosome 8. However, the effect of the deletion on the bortezomib resistance and bortezomib mediated sensitization to TRAIL/APO2L killing has been left as a speculation so far. While the alteration of cell surface TRAIL receptor expression due to del(8)(p21) might cause decreased sensitivity of tumor cells to TRAIL-mediated apoptosis [11] [12] , it must be noted that these clones still carry one copy of each TRAIL-R gene, since the deletion in the 8p21 region is almost exclusively monoallelic. Therefore, bortezomib treatment might still upregulate TRAIL receptor expression and break immune tolerance resulting in efficient elimination of MM cells with 8p21 deletion.
In this study, in order to identify the consequences of del(8)(p21), with a special focus on TRAIL/APO2L mediated killing, we have analyzed the expression of various genes on the 8p21 region as well as others in patients with and without del(8)(p21). Additionally, we have analyzed the response of MM cells with and without the deletion to bortezomib mediated killing and sensitization to TRAIL/APO2L triggered apoptosis in an attempt to understand why MM patients carrying 8p21 deletion respond poorly to bortezomib treatment.
Materials and Methods

Patient material and cell lines
The patients were admitted to the Department of Medicine, Karolinska University Hospital Huddinge, Stockholm, Sweden. This study was specifically approved by the local research ethics committee (Etikprövningsnämnden Stockholm, Ethical permit number: 2014/526-31). Written informed consent was obtained from all patients in accordance with the Declaration of Helsinki and with the local ethical committee guidelines.
Bone marrow aspirates at diagnosis were separated by density gradient centrifugation (Lymphoprep TM , Axis-Shield, Oslo, Norway). Plasma cells were positively selected by CD138 magnetic beads using AutoMACS (Miltenyi Biotec, Bergisch Gladbach, Germany). K562 and U266 
Analysis of mRNA levels
A TaqMan
1 array micro fluidic card (TLDA, Applied Biosystems 1 , Life Technologies) was designed in order to study the expression of a selected set of genes on the 8p21 region as well as some additional genes that were reported to be overexpressed in MM [13] and had functional links to genes located on the 8p21 region. The full list of genes and TaqMan 1 assay IDs can be found in S1 
Patients and treatment
140 consecutive patients diagnosed with MM at our hospital between 2008 until the end of December 2012 were included of which 37 patients (26%) had del (8) 
Statistical Analysis
Graphs and statistical analysis were done by GraphPad Prism (GraphPad Software Inc. La Jolla, CA, USA). Log-rank (Mantel-cox) test was used for 
Results
Deletion at the chromosomal region 8p21 results in poor survival
We have previously reported that the loss of 8p21region was significantly associated with poor progression-free survival (PFS) and overall survival (OS) in a cohort of MM patients that were diagnosed in our clinic [6] . Here, we analyze a larger cohort of patients that were diagnosed with multiple myeloma between 2008 and 2012 (37 with del(8)(p21) and 103 without deletion) ( Table 1) . Univariate analysis of patient data did not show any significant difference in any parameter at diagnosis except skeletal destruction. Patients with del(8)(p21) had significantly higher bone lesions (76%) compared to 55% in patients without the deletion (p = 0.027) ( Table 1) . In this cohort, 88 patients were treated with bortezomib as first line agent and we find that MM patients carrying 8p21 deletion had significantly shorter time to progression (TTP) compared to patients without the deletion (p = 0.0159) ( Fig 1A) and most importantly these patients had significantly shorter overall survival (OS) compared to patients without the deletion (p = 0.0219) (Fig 1D) , with a hazard ratio of 2.043 (1.18-4.74) and 2.96 (1.22-11.64), respectively. Furthermore, OS of myeloma patients carrying 8p21 deletion that underwent TLDA cards were used to analyze mRNA levels in patients with (n = 19) and without (n = 6) del(8)(p21). For the analysis, GAPDH and ACTB genes were used as endogenous controls while RNA samples from K562 and U266 cell lines were used as calibrators. (*p<0.05, unpaired t test) (A) The mRNA level relative expression of TRAIL receptors in patients with and without the deletion. TRAIL-R1,-R2 and-R3 did not show any change while TRAIL-R4 was expressed at significantly higher levels in patients carrying the deletion. (B) Genes on or near 8p21 (C) other analyzed genes located elsewhere in the chromosome that show at least two-fold differential expression in MM cells with the deletion. Depicted are the gene expression levels in MM cells carrying the deletion, normalized to samples without the deletion. 
(C) non-HDT patients after diagnosis (months). Overall survival (OS) of (D) all patients, (E) HDT patients, (F) non-HDT patients after diagnosis (months). Patients with del (8)(p21) (n = 24). Patients without del(8)(p21) (n = 64). HDT patients with del(8)(p21) (n = 14)
. HDT patients without del(8)(p21) (n = 41). Non-HDT patients with del(8)(p21) (n = 10). Non-HDT patients without del(8)(p21) (n = 23). Log-rank (Mantel-cox) test performed using Graphpad Prism software. HDT had significantly decreased compared to patients without the deletion (Fig 1B and 1E) . On the other hand, patients that are not eligible for HDT showed no significant difference in OS or TTP (Fig 1C and 1F) .
In multivariate analysis del(8)(p21) presented as an independent prognostic factor associated with poor overall survival in agreement with our prior observations ( Table 2) . Consequently, these results confirm ours and others' previous observations that del (8) (p21) negatively affects the prognosis of MM patients. Deletion at the chromosomal region 8p21 leads to altered gene expression in primary MM cells
In order to identify the changes associated with del(8)(p21), expression levels of a certain set of genes were comparatively analyzed in patients with or without the deletion by quantitative real-time PCR (S1 Table) . When the two sets of patients were compared for the mRNA levels of these genes, several cases of differential expression were observed (Fig 2) . At the mRNA level, patients with del(8) (p21) showed similar levels of expression for TRAIL-R1,-R2 and R3 while they showed significantly upregulated expression of TRAIL-R4 when compared to patients without del(8)(p21) (Fig 2A) . These results indicate that while del(8)(p21) is expected to affect the expression levels of genes located in the region, the TRAIL receptor gene cluster is minimally affected, with no changes in mRNA levels of three genes and upregulation of the decoy receptor, TRAIL-R4. As expected, the expression of several genes located on or near the 8p21 region were significantly altered in patients carrying del(8)(p21) (Fig 2B) . Of the analyzed genes, DOCK5, IKBKB, CCDC25, CEBPD, RHOBTB2, KIAA1967, PHYHIP and SCARA3 showed statistically significant downregulation of at least two-fold. More interestingly, three of the analyzed genes located on 8p21 (TRAIL-R4, PTK2B and SLC39A14) showed at least two-fold upregulated mRNA levels despite the possible deletion of one gene copy.
Genes located elsewhere on the genome also showed differential expression in patients with del(8)(p21) compared to patients without the deletion. As presented in Fig 2C, genes with oncogenic potential such as MYC, BCL2 and RINT1 were upregulated while the tumor suppressor TP53 was downregulated. Genes involved in chromatin remodeling such as SMARCA4 (BRG1) and CHD3 as well as genes involved in immune function such as NFKB1 and LPXN also showed differential expression in patients with del(8)(p21).
In order to identify the effect of other commonly seen chromosomal aberrations, we analyzed the gene expression data with regards to other commonly observed chromosomal abnormalities in this cohort of patients (S2 Table) . This analysis has revealed that the deregulated expression of the MYC oncogene is also associated with 1q21, 11q13, 15q22, 19q13 and 13q aberrations, the downregulation of KIAA1967 is also associated with chromosome 9q21, 11q13 and 15q22 aberrations and upregulation of BCL2 is also associated with 15q22 amplification.
Patients with del(8)(p21) fail to upregulate pro-apoptotic TRAIL receptor expression upon bortezomib treatment
We next determined changes in the cell surface expression levels of the pro-apoptotic receptors TRAIL-R1 and R2, as well as the anti-apoptotic decoy receptors TRAIL-R3 and R4 upon in vitro bortezomib treatment in MM cells with or without del(8)(p21) (Fig 3) . CD138 + myeloma cells expressed similar levels of TRAIL-R1 regardless of del (8) (Fig 3A) . Furthermore, bortezomib treatment did not have any impact on expression levels of TRAIL-R2 in patients with (1.11 fold, p = 0.6739) or without (1.06 fold, p = 0.2165) del(8)(p21) (Fig 3B) . Although bortezomib treatment of myeloma cells displayed a statistically non-significant trend of TRAIL-R3 upregulation in patients without 8p21 deletion (1.46 fold, p = 0.0697), it did not have any impact on cells carrying the deletion (0.92 fold, p = 0.1855) (Fig 3C) . Likewise, the expression of TRAIL-R4 was not affected by bortezomib treatment regardless of del(8)(p21) status (no del(8)(p21) 1.14 fold, p = 0.2947; del(8) (p21) 0.81 fold, p = 0.2242) (Fig 3D) . Taken together, these data indicate that upon bortezomib exposure, the most important and significant difference is, unlike the cells without the deletion, MM cells carrying del(8)(p21) fail to upregulate the pro-apoptotic TRAIL-R1.
Changes observed in TRAIL receptor levels were mainly myeloma specific since expression of TRAIL receptors in CD138 -/CD45 + compartment of bone marrow did not get affected by bortezomib treatment irrespective of del (8)(p21) 
Patients with del(8)(p21) are less sensitive to bortezomib and TRAIL mediated apoptosis
It has been previously demonstrated that bortezomib treatment can upregulate TRAIL receptors in various tumor types, which can result in sensitization of these cells to TRAIL mediated apoptosis [4, 15] . Here, sensitivity of myeloma cells with or without del(8)(p21) to bortezomib and soluble TRAIL/APO2L is assessed in order to evaluate the impact of differential gene expression driven by 8p21 deletion, such as TRAIL-R4, on myeloma cell survival. Downregulation of CD138, which is one of the early markers of apoptosis in myeloma cells and the percentage of CD38 + /CD138 Bright primary MM cells [16] as well as the amount of viable, apoptotic and dead cells were assessed simultaneously by flow cytometry (Fig 4) . In myeloma cells without del(8)(p21), bortezomib alone and soluble TRAIL/APO2L alone efficiently induced a decrease in CD38 + /CD138 Bright MM cells as well as apoptosis. More importantly, the combination of bortezomib and TRAIL treatment significantly increased apoptosis and decrease the number of CD38 + /CD138 Bright MM cells (Fig 4B and 4C) , implying that bortezomib treatment can further sensitize myeloma cells without 8p21 deletion to TRAIL-mediated killing. While bortezomib treatment slightly affected the ratio of CD38 + /CD138 Bright MM cells, it failed to induce apoptosis on myeloma cells with 8p21 deletion, either alone or in combination with soluble TRAIL/APO2L (Fig 4B and 4C) . Additionally, we have employed a similar approach and analyzed the data by grouping the patients according to other commonly observed chromosomal abnormalities including amp11q13, amp1q21, amp15q22 and del13q. Only when the grouping was done according to 8p21 status, there was significant difference in the response to in vitro bortezomib and TRAIL (S2 Fig) . Thus, our in vitro analysis revealed that a higher proportion of cells from myeloma patients carrying the 8p21 deletion are less sensitive to both bortezomib and TRAIL mediated killing than myeloma cells from patients without the deletion. Therefore it is essential to assess the clinical impact of bortezomib treatment on MM patients with del(8)(p21).
Patients with del(8)(p21) respond poorly to bortezomib treatment
During our in vitro observations that MM cells carrying the del(8)(p21) responded poorly to bortezomib or bortezomib mediated sensitization to TRAIL/APO2L killing, we sought to investigate whether this phenomenon showed any effect in the clinical response of patients carrying the deletion. In order to ascertain the effect of bortezomib alone, we have primarily 8p21 Deletion Confers Bortezomib Resistance in Multiple Myeloma investigated the response of patients that were not eligible for HDT and received bortezomib as a first-line treatment (Fig 5A) . The clinical response to bortezomib as a first-line agent clearly demonstrates that patients with del(8)(p21) respond very poorly, with about half the patients showing no response (NR) at all and less than 10% of them showing very good partial remission (VGPR) or better. On the contrary, the patients without the deletion have a much better response to bortezomib, with more than 50% of the patients achieving VGPR or better and only about 10% of the patients showing NR (p = 0.0216). Interestingly, when the patients that are not eligible for HDT relapsed and received Lenalidomide as a second line treatment (Fig  5A) , the response of patients with the deletion significantly surpassed those without the deletion (p = 0.0302), indicating that despite their poor response to bortezomib, patients with the deletion might still benefit greatly from Lenalidomide treatment if HDT is not an option. On the other hand, we have found that in patients receiving HDT, the negative effect of 8p21 deletion on patient response is largely, if not fully, overcome with a non significant difference in response between patients with and without del(8)(p21) (p = 0.2579) (Fig 5B) . When patients receiving HDT relapsed and received Lenalidomide as a second-line treatment, there was little difference between the patient groups, with slightly lower levels of del(8)(p21) carrying patients achieving VGPR or better (p = 0.4640).
Taken together, these data indicate that patients with del(8)(p21) clinically have a poor response to bortezomib treatment, which might be possible to improve by using HDT or administration of immunomodulatory drugs such as Lenalidomide at an earlier stage of the disease.
Discussion
Recent years have witnessed a significant increase in the survival rates for MM patients due to the introduction of combination therapies including proteasome inhibitors such as bortezomib and immunomodulatory drugs such as thalidomide, and lenalidomide [17] . Bortezomib has been proven to be the most efficient 1 st line therapy regimen but approximately 20% of patients still do not respond to bortezomib treatment and underlying mechanisms that lead to bortezomib resistance are currently being scrutinized in detail [18] [19] [20] . However, immunological aspects of this resistance have been largely omitted.
In this study, we have investigated the molecular consequences of 8p21 deletion, which is seen in approximately 20% of MM patients [5] [6] [7] [8] and its potential link to resistance against bortezomib treatment. Since the exact position of the chromosomal break is unknown and possibly differs from patient to patient, we have selected for analysis, a set of genes located on or nearby the 8p21 region that might be essential for tumor survival and bortezomib resistance. This set of genes was further enlarged by the addition of other targets which showed differential expression in prior gene expression profiling studies on MM cells [13] and could be functionally linked to one or more genes located on or near the 8p21 region.
The pro-apoptotic TRAIL receptors, TRAIL-R1 and TRAIL-R2, as well as the decoy receptors TRAIL-R3 and TRAIL-R4 are located in the 8p21 region. Despite the expectation that losing one copy of the region would significantly diminish the expression of genes located here, we surprisingly did not observe any significant changes for TRAIL-R1, R2 and R3 at the mRNA level compared to patients without the deletion while an elevated expression of antiapoptotic TRAIL-R4 was seen. We have observed the decreased expression of TP53 [21] which directly affects TRAIL-R2 levels in myeloma cell lines [22] but decreased TP53 expression in MM cells carrying del(8)(p21) did not lead to downregulation of TRAIL-R2 expression neither at the mRNA level nor at the cell surface. Previous studies did not always indicate a direct correlation between TRAIL receptor expression and TRAIL mediated apoptosis in tumor models 8p21 Deletion Confers Bortezomib Resistance in Multiple Myeloma [15, 23, 24] since other factors such as the expression levels and activities of NFkB and BCL-2 also play important roles in bortezomib resistance [25] [26] [27] as well as TRAIL mediated apoptosis [12, 28, 29] . Here we show that both BCL-2 and NFkB mRNA levels are increased in MM cells with del(8)(p21) (Fig 2) . Along with the high expression of the MYC oncogene that has been shown to promote MM cell survival [30] [31] [32] , in MM cells carrying the 8p21 deletion, we have observed the upregulated expression of PTK2B (Pyk2 or RAFTK) which was recently demonstrated to promote tumor progression in MM [9] . Additionally, the diminished expression of SCARA3, which is negatively correlated with multiple myeloma prognosis [10] together with the aforementioned changes of gene expression in cells carrying the deletion might provide a platform that promotes myeloma cell survival.
It must be noted that, del(8)(p21) is commonly seen together with a range of other recurrent chromosomal abnormalities that might influence global gene expression profile. For 17p13 aberrations in the present cohort, we observed 2/19 of patients with del(8)(p21) carry a deletion and 1/6 of patients without del(8)(p21) carry an amplification while t(4;14) was observed in 2/ 19 of patients with del(8)(p21) and 1/6 of patients without del(8)(p21). Due to the low number of patients carrying these additional chromosomal abnormalities, the data presented in this study can neither confirm nor reject the presence of any effect that might be due to the global gene expression changes caused by del(17)(p13) or t(4;14) [33, 34] .
Regarding other chromosomal abnormalities commonly seen in this cohort of patients, our analysis (S2 Table) reveals that the gene expression changes of MYC, KIAA1967 and BCL2 are also associated with the presence of other chromosomal abnormalities and cannot be attributed to del(8)(p21) alone.
In line with previous observations that bortezomib upregulates the expression of death receptors TRAIL-R1 and-R2 [35] [36] [37] , we observed that bortezomib treatment significantly upregulated cell surface expression of TRAIL-R1 in MM cells that do not carry the del(8)(p21), making them vulnerable to TRAIL mediated apoptosis. However, MM cells carrying del(8) (p21) failed to upregulate death receptors upon bortezomib treatment (Fig 3A and 3B) while keeping steady levels of pro-survival receptors TRAIL-R3 and-R4. Consequently, soluble TRAIL/APO2L and bortezomib failed to induce apoptosis efficiently whether used alone or in combination on MM cells carrying the deletion (Fig 4) . It is essential to investigate the in vitro cytotoxic impact of other drugs, which are used in treatment of MM such as Melphalan and Dexamethasone, on myeloma cells carrying 8p21 deletion. It is noteworthy that in cells with del(8)(p21), a slight decrease in CD38 + /CD138 Bright MM cells, which could be an early marker of apoptosis in myeloma cells, was observed. These results support the hypothesis that del(8) (p21) triggers an apoptotic resistance mechanism that uncouples CD138 downregulation from apoptotic cell death, so despite the decrease in the amount of CD38 + /CD138 Bright MM cells, efficient triggering of apoptotic pathways is lacking. It should also be noted that even though bortezomib has potential to sensitize tumor cells to TRAIL mediated apoptosis, it has also been shown to negatively affect T cell and NK cell function [38, 39] . Conversely, the immunomodulatory drug Lenalidomide upregulates TRAIL expression on NK cells, which might enhance TRAIL mediated killing of myeloma cells [40, 41] . Our clinical data also shows that while bortezomib largely fails to elicit a good response in patients carrying del(8)(p21), Lenalidomide treatment as second line reverts this negative effect (Fig 5) .
To conclude, our results demonstrate that the changes associated with del(8)(p21) in MM, might be the foundation of resistance to bortezomib treatment and resistance against bortezomib mediated sensitization to TRAIL/APO2L killing. This is strongly supported by clinical data which demonstrates the poor response of the patients with del(8)(p21) to bortezomib as a first line treatment and calls for the incorporation of agents such as Lenalidomide into the 
